AND CONCLUSIONS
INTRODUCTION
The release of ink in response to a noxious stimulus in Apfysia cafifornica is a relatively stereotyped behavior produced by strong and long-lasting stimuli (11, 33) . A noxious stimulus must persist for greater than approximately 2 s to cause a significant release of ink (33) . Carew and Kandel (11) found that the motor component of the behavior is mediated by three electrically coupled cells called Ll4~ B c located in the abdominal ganglion. There appears to be a good correspondence between the firing pattern of these cells and the features of the behavior. A train of electrical stimuli to the connectives that normally link the abdominal ganglion to the head mimics the synaptic input to the ink motor neurons produced by a noxious stimulus to the head (33) . The initial synaptic input is relatively ineffective in firing the cell. As a result, there is a severalsecond silent period or pause before an accelerating burst of action potentials is produced, which leads to the subsequent release of ink from the ink gland. The discharge properties of the ink motor cells in turn appear, at least in a qualitative fashion, to result from two unique features of the L14 ink motor cells: a fast early K+ current that shunts the initial excitatory input and a late buildup of EPSPs (10) .
The purpose of this series of papers is to determine the quantitative extent to which the known voltage-and time-dependent ionic conductance mechanisms and synaptic influences can account for the ink motor cells firing pattern and thus the features of the behavior. To accomplish these ends, the various conductance channels have been analyzed using the voltage-clamp technique. The first paper describes the details of the analysis, and the second paper (9) describes the development of a kinetic model where it is possible to examine to what extent the known ionic conductance mechanisms and synaptic influences can quantitatively account for the firing pattern of the cells. Preliminary reports of some of this material have previously been presented (6, 7) .
METHODS
The methods are similar to those previously described (10) . Additional details are summarized below.
Experimental data for this series of papers are based on over 200 experiments performed on the marine mollusk Aplysia californica. Animals were supplied by Pacific Bio-Marine Laboratories, Venice, CA and weighed between 100 and 150 g. To activate the L14 cells synaptically (Fig. 16 ), both the left and right connectives were drawn into suction electrodes and a 4.5-s train of current pulses (2 ms duration, 160-ms interpulse interval) was passed between the suction electrodes and a separate return electrode placed in the bath. Stimuli were presented once every 2-3 min to avoid decrement of the synaptic input. All experiments were performed at 15 2 1°C except those designed to examine the early inward current (Figs. 2, 3 ) and early outward currentreversal potential (Fig. 7) . The preparation was normally perfused with artificial seawater (ASW) maintained at pH 7.6 by 10 mM of Tris buffer (Sigma). In experiments using cobalt chloride, tetraethylammonium (TEA), tetrodotoxin (TTX), or 4-aminopyridine (4-AP), concentrated volumes of these drugs were titrated directly into the experimental chamber containing a known volume of artificial seawater until the desired blocking effect was obtained. It was previously shown that TEA is an effective blocking agent for the ink motor cell delayed outward current (10) and was utilized for that purpose in the present analysis. 4-AP was shown to be effective in blocking the fast K+ current, but also partially blocked delayed K+ current. As a result, whenever 4-AP was used to isolate the fast K+ current, the delayed K+ current was always first blocked with TEA. In some experiments, blocking concentrations of TEA, 4-AP, or CoCl, were directly mixed with ASW prior to the experiment. In experiments designed to examine the delayed outward current recovery from inactivation, a solution of reduced Na+ and Ca*+ of the following composition was used (mM): 23 NaCl, 10 KCl, 55 MgC12, 0.5 CaCI,, 455 choline chloride, and 10 Tris.
Each soma with its intact axon was impaled with two electrodes, one for recording and the other for current injection. There was usually no more than a several millivolt difference in the potentials recorded from the two electrodes. Normal resting potentials were approximately -75 mV. Data were not collected from cells in which the resting potential fell below -60 mV or where there was more than a 5-mV change in potential when the second electrode penetrated the cell. Throughout this series of papers, typical responses are given from experimental runs where the most complete set of data was obtained. Each experimental observation was, however, confirmed in other experiments, the results being in agreement with the data presented. In cases where it was difficult to choose an ideal data set or where considerable variability exists, responses from more than one experiment are illustrated. Due to difficulties in estimating surface area precisely, membrane currents are expressed in nanoamps rather than current density. In order to obtain comparable currents, however, cells of relatively similar diameters (approximately 175 pm) were selected for investigation.
Details of the voltage-clamp apparatus have previously been presented (10) . For some experiments where large outward currents were examined (Figs. 5A and 9A), the voltage-clamp circuit was modified to compensate for up to 10 ka of series resistance. Clamp pulses were delivered at intervals ranging between 1 and 3 min so as to allow complete recovery from inactivation. Voltage and current traces were recorded on an FM tape recorder (Hewlett-Packard 3%0A) at a speed of 3.75 inches/s and displayed on a four-channel recorder (Gould 2400). Digital sampling (12-bit resolution) of the current waveforms was done on-line with a PDP11/34 computer (Digital Equipment Corp.) and the sampled traces were stored for later analysis on a magnetic disk. For each response, 500 samples were taken with the sample rate adjusted to be sufficiently fast to retain the details of the original current waveform. Multiple responses at each clamp level were usually obtained and then averaged. Individual ionic currents were then obtained by computer subtraction of postdrug treatment responses from predrug treatment responses. Digitized clamp waveforms were displayed on a storage display monitor (Tektronics type 603) driven by the computer digital to analog (D-A) converter. In one case (Fig. 16 ) the D-A converter signal was fed to the pen recorder. Best-fitting curves for the experimental data were obtained by a nonlinear least-squares regression routine using the "complex" method of Box (4) modified from Kuester and Mize (27) . Block of axon-spike invasion of clamped soma. A : each of two ink gland motor neurons was impaled with two microelectrodes, one for recording and the other for current injection. Preparation was perfused with ASW to which 4-AP, 5 mM; TEA, 40 mM; and TTX had been added. Initially a small lo-mV hyperpolarizing clamp pulse was delivered to cell 1 to test the input resistance. This was followed 1.2 s later by an 80-mV step depolarization from resting level (-68 mV). The clamp pulse to cell 1 resulted in a slow multicomponent inward current (middle trace) and caused the initiation of an action potential in cell 2 (lower trace). B: an identical hyperpolarizing clamp was delivered to cell 1 but now it was followed 100 ms later by a depolarizing current pulse to cell 2, which triggered an action potential (lower trace). The depolarizing pulse to cell 2 was terminated, and 100 ms later an identical depolarizing clamp pulse as in A was again delivered to cell 1. A single inward current is observed (middle trace) and no action potential in cell 2 is initiated. The depolarizing prepulse to cell 2 presumably inactivates the slow inward conductance mechanism, preventing an additional action potential from being initiated with the test-clamp pulse.
As indicated above, voltage-clamp experiments were performed on the somata of ink gland motor neurons and with their axons intact. A serious complication, especially with the analysis of the inward currents, is that in some cases the clamp depolarization leads to the generation of axon spikes, which contaminate the current records (Fig. IA) . To avoid these difficulties attempts were made to isolate the soma from the axon by ligature (3), but the ink motor cells seemed particularly sensitive to this procedure and the original resting potentials could not be obtained after ligation. An alternative, although in principle less satisfactory technique, illustrated in Fig. 1 was utilized in cases where axon spikes were present. Recordings were made from two of the electrically coupled ink motor neurons. One cell was voltage clamped while the second cell was current clamped. To eliminate currents from axon spikes the depolarizing voltage-clamp pulse was preceded by a depolarizing current in the current-clamped cell, which was of sufficient magnitude to fire an action potential (Fig. 1B) . This action potential presumably inactivates the inward conductance mechanisms in the unclamped cell and the axon In order to determine the quantitative contribution which the ionic conductance mechanisms make to the firing pattern of the ink motor neurons, a detailed analysis of the membrane currents is necessary. It was previously shown that these cells have at least five pharmacologically identified voltagedependent ionic conductance mechanisms (10, 32) . These include a TTX-sensitive fast inward Na2+ current, a cobalt-sensitive slow Ca2+ inward current, a fast transient 4-APsensitive K+ outward current, a delayed TEA-sensitive K+ outward current, and an ultraslow TEA-insensitive outward current. The magnitude of the ultraslow outward current, which may represent a Ca2+-activated K+ current, appears to be small and has not been included in the present analysis.
of the clamped cell. The voltage-clamp pulse was then delivered and a membrane current relatively Fast inward current uncontaminated by axon currents was obtained
As previously described (lo), the fast (cf. current traces in Fig. 1A and B) . In some inward current is selectively blocked by TTX cases axon spikes could also be blocked by and is presumably mediated by Na+ ions. Figure 2A illustrates an example of this approach with the temperature at 6OC. An ink motor cell is clamped from its resting potential (-60 mV) to a depolarized level of -10 mV. There is a capacitive artifact, which is followed by a transient inward current, which then decays and converts to an outward current. Figure  223 illustrates that this current is blocked when TTX is added to the experimental chamber. In Fig. 2C 2. Fast inward current isolation. A: current produced as a result of a 200-ms step depolarization from a resting level of -60 mV to a depolarized value of -10 mV. Preparation is perfused with artifical seawater (ASW) at 6°C. B: after adding 7 x low5 g/ml TTX to the perfusing solution, the clamp step is repeated. Note that the inward component is blocked. C: isolated fast inward current. The current waveform in B is subtracted from the current waveform in A, leaving an inward current uncontaminated by other cu i-rents normally present. The fast inward current has a rapid activation phase followed by a slower exponential inactivation phase. The fast inward current has a rapid rise and a slower exponential decay. At this level of depolarization (-10 mV) the level of inactivation is almost complete (Fig. 2C) . The peak inward current is voltage dependent. Figure 3A illustrates a plot of the peak inward current extrapolated to time of clamp onset, when the cell was clamped from a fixed holding potential (-60 mV) to various depolarizing levels. The fast inward current becomes strongly activated at a membrane potential of about -20 mV. The Z-V (current-voltage) data can be fit with an equation of the form:
where gNa represents the maximum Na+ conductance, ZNa ( V) a voltage-dependent Na+ activation term, V the membrane potential, and ENa the Na+ equilibrium potential. The voltage-dependent Na+ activation ZNa can in turn be represented as the reciprocal of an exponential term added to unity (see Refs. 9 and 24).
where P determ ines the position of the activation curve on the voltage axis and S and II shape parameters. Using the Z-V data and the nonlinear regres sion analysis, the param-
eters of equations 2 and 2 can be estimated. The Z-V data are best fit by the equation:
where current is in nanoamps and voltage in millivolts.
Raising the activation term to a power of 5 gives the best fit to the experimental data. The estimated reversal potential is +67 mV. In some cases, the equilibrium potential was also measured by observing the reversal of the inward peak with large depolarizing voltages. The results appeared similar to the curve fit estimates, but were somewhat ambiguous due to the initial capacitive artifact.
The time to peak of the fast inward current is voltage dependent, ranging from 17 ms at -20 mV to 5 ms at +30 mV (at 6°C). The peak inward current is dependent on the holding potential. Figure 3B illustrates the results of clamping another cell from various holdings potentials ranging from -96 to -6 mV to a fixed test level of +4 mV. The data points are the ratios between the currents obtained when clamping from depolarized holding potentials and the maximum current obtained when clamping from a hyperpolarized holding potential.
The inactivation data are best fit by the There is a rapid activation phase followed by a slower exponential inactivation phase. Fast outward current Z-V relationship. A: membrane potential is stepped from a fixed holding level of -65 mV to various depolarized levels ranging between -35 and +55 mV. Currents are isolated using pharmacologic separation. B : I-V plot. The peak current extrapolated to time of clamp onset for data of A are plotted as X'S. Additional data from 13 other experiments are plotted as stars (see text for details).
obtained in the absence of 4-AP. Since the 4-AP also acts as a partial blocker of the delayed outward currents and alters its kinetics (28) , the delayed outward current was always first blocked with TEA (see below and Ref. 10) . Figure 4 illustrates the general strategy utilized. Part A shows the response of one cell depolarized to -25 mV from a holding potential (resting potential) of -65 mV. In this example, the fast inward current was blocked by TTX, the delayed outward current blocked by low concentrations of TEA, and the slow inward current blocked by Co2+ (see below). Part B shows the response of the same cell after approximately 12 mM 4-AP was added. In C, the response in B was subtracted from A, yielding an uncontaminated fast outward current. Except where indicated, the subsequent analysis of the fast transient outward current utilizes a similar pharmacological separation.
The fast transient outward current has a rapid activation phase followed by a slower exponential inactivation phase. At -25 mV the inactivation is nearly complete (Fig. 4C ). The magnitude of the peak outward current was highly voltage dependent. Figure 5A illustrates a series of responses obtained bv clamping the cell from a fixed holding potential of -65 mV to various depolarized levels ranging between -35 and +55 mV. The peak current extrapolated to the time of clamp onset is plotted in Fig. 5B . In addition to the data from the experiment of Fig. 5A , Fig . 5B contains data from 13 other experiments where the fast outward current was isolated by a nonpharmacologic means. These experiments were performed to obtain an independent estimate of the fast K+ current since previous studies have indicated that concentrations of TEA utilized to first block the delayed K+ current may also partly block the fast K+ current (10, 35) . For weak depolarizations, the fast outward current is the only voltage-dependent current activated. Therefore, at these levels of membrane potential the fast outward current can be estimated by subtracting the extrapolated leakage current from the total peak outward current. The Z-V data were again described using equations similar to equations 2 and2 and the various parameters estimated. The Z-V data for the fast outward current are best fit by the equation: cell is stepped to various holding levels ranging from -110 to -40 mV. After a 500-ms period, the cell is stepped to,a new fixed value of +20 mV. Traces shown are currents produced by that second step. Currents are isolated by pharmacologic means. B: points on the graph are ratios between the fast outward currents obtained when clamping from depolarized holding levels and the maximum value obtained at a hyperpolarized holding level. See text for equation best fitting the data.
In this case however, the equilibrium potential of -65 mV was estimated by direct means, as illustrated in the experiment of Fig. 7 . The fast outward current has a threshold near -50 mV, well below the level of significant activation of the other identified ink motor cell currents.
As with the fast inward current, the magnitude of the fast outward current is dependent on the value of the holding potential. Figure 6A illustrates the outward currents obtained when the membrane potential is stepped from holding potentials between -110 and -40 mV to a fixed clamp level of 0 mV. As in the Z-V studies, the early outward current is separated using 4-AP. The relationship between the holding potential and the current for each respons e divided by the maximum current is plotted in Fig.  6B . The data are best fit by the equation:
The half-inactivation point occurs at -54.2 mV.
The equilibrium potential of the fast outward current was investigated using the double-pulse technique of Hodgkin and Huxley (22) . To obtain a more precise measurement of the tail current, this experiment was performed at low temperature. Figure 7 illustrates these results. The fast inward and delayed outward (see below) currents are blocked and a series of pulses as shown in part Al are generated. The fast outward current is then blocked by 4-AP (Fig. 7A,) and the clamp series repeated. The currents are subtracted and the tails extrapolated to the onset of the second clamp pulse. The results are plotted in Part B. The instantaneous Z-V plot is nonlinear, but a reversal appears to occur at about -65 mV.
Delayed outward current
As the cell is depolarized beyond the threshold for the fast outward current, an additional slower outward current is activated. It was previously found (10) that this current is selectively blocked by TEA and is presumably mediated by K+ ions. Figure  8 illustrates the general strategy for its isolation. The early inward current is blocked by TTX, the slow inward current blocked by 10 mM Co2+ (see below), and a clamp series is initiated. In Fig. 8A the cell is clamped from a holding potential of -65 mV to a depolarized level of +5 mV. The delayed outward current is then blocked by TEA, leaving the fast transient outward current and the clamp procedure is repeated (Fig. A  I J. H. BYRNE 2TTX tTEA 8B). The uncontaminated delayed outward current is then obtained by computer subtraction (Fig. 8C) .
Like the fast inward and fast outward currents, the delayed outward current shows a rapid activation phase followed by a slower exponential inactivation phase. With the level of depolarization in Fig. 8C (+5 mV) , the inactivation is incomplete. The delayed outward current is also highly voltage dependent (Fig. 9A) . The cell was clamped from a fixed holding level of -65 mV to various test levels ranging from -45 to 45 mV. The peaks have been extrapolated to the time of the clamp onset. These results, in addition to data from three additional experiments, are plotted in Fig. 9B . The Z-V data are best fit by the equation:
cell is clamped to a fixed depolarized level of -3 mV from various holding levels ranging from -93 to -13 mV. The ratio between the current produced by the second clamp and the maximum current obtained with the holding potential at a hyperpolarized level was then calculated. These results in addition to the results from a similar experiment performed on another cell are plotted in 
Raising the inactivation equation to the third power gave the best fit to the experimental data. The half-inactivation point occurs at about -25 mV.
The recovery from inactivation of the de-I= 19.8 ( 1 + e'-".6-W/7.6)2 (V + 75) (7) layed outward current was also examined. A series of double-clamp pulses are first The equilibrium potential of -75 mV was delivered while the cell was perfused in a estimated independently by the experiment 5% Na+ and 5% Ca2+ solution to attenuate of Fig. 12 . The time to peak ranged from the early and slow inward currents. The cell 428 ms at -25 mV to 38 ms at +45 mV. is clamped to +20 mV for 5 s to inactivate The current is also dependent on the holding the delayed outward current, and then folpotential, as illustrated in Fig. 1OA . Here a lowed at intervals ranging between 0.05 and 100 s by a second test pulse 500 ms in duration, also to +20 mV (Fig. HA,) . The procedure is repeated in TEA (Fig. 1 lAz) and the responses at each test time are subtracted yielding a series of responses illustrated in Fig. 1 IA3. Complete recovery occurred by 100 s (zero inactivation). The small current produced with the 0.05-s pulse was arbitrarily defined as 100% inactivation. The responses at the other times fell between these two values and are plotted in Fig. 11B . It was typically found that there is a rapid recovery period with a time constant of about 1 s, followed by a slower recovery period with a time constant of about 30 s. The data of Fig. 1lB are best fit by the sum of two exponentials: % inactivation = 73.4 e+l*ls + 26.6 e-t/32.g (9) The equilibrium potential of the delayed outward current was obtained with a procedure similar to that used for the fast transient Delayed outward current isolation. A : response in ASW to which TTX and Co2+ have been added. Membrane potential is stepped from a resting level of -65 mV to a depolarized level of + 5 mV for 2.5 s. B : after adding approximately 50 mM TEA, the delayed outward current is blocked and the fast transient outward current is uncovered. C : isolated delayed outward current. Response in B is subtracted from response in A to yield a delayed outward current uncontaminated by the fast transient outward current and leakage current. The delayed outward current has a rapid activation phase followed by a lower exponential inactivation phase. Additional data from three experiments where the peak delayed outward current was examined at small depolarizations are plotted as stars.
outward current. A series of double pulses clamp procedure is repeated after blocking are delivered to a cell where the fast inward the delayed outward current with TEA ( Fig.  current is blocked by TTX (Fig. 12A) 
:
-. Delayed outward current inactivation. A : membrane potential is stepped to various holding levels ranging from -93 to -13 mV. After 5 s the membrane potential is stepped to a new fixed value of -3 mV. Traces shown are currents produced by that second step. Currents isolated by pharmacologic means as illustrated in Fig. 8 Delayed outward current recovery from inactivation. A 1: membrane potential is stepped from resting level to a fixed +20 mV depolarization for 5 s to inactivate the delayed outward current while cell is perfused in a 5% Na+, 5% Ca2+ solution. The 5-s pulse is then followed by a second pulse (500 ms duration) also to +20 mV. Responses illustrated are currents produced by the second pulse at 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, and 100 s after the first pulse. The largest current corresponds to the response 100 s after the inactivating pulse. An interval of between 50 and 100 s is required for the peak current produced by the second pulse to return to the level produced by the first pulse. A,: clamp procedure was repeated after adding 30 mM TEA to the perfusing solution. The delayed outward current is blocked leaving leakage and the fast transient outward current. Note that the fast transient outward current also appears to have a slow recovery from inactivation. A,: isolated delayed outward current recovery from inactivation. Responses in A2 are subtracted from responses in A, at each time so as to obtain an index of the delayed outward current recovery from inactivation uncontaminated by other currents. B: plot of delayed outward recovery from inactivation. Complete recovery from inactivation appeared to occur by 100 s and complete inactivation was arbitrarily defined as the current obtained with the 0.05-s pulse. Intermediate currents were scaled accordingly. There is a rapid phase of recovery with a time constant of about 1 s, followed by a slower phase with a 30-s time constant. The smooth curve fitting the entire range of data points is the sum of two exponential functions (see text). Individual curves for the slow and fast phases are independently plotted. tails extrapolated to the onset of the second clamp pulse. Figure 12B illustrates that a reversal occurs at about -75 mV. The instantaneous I-V relationship for the delayed outward currents, like the fast outward current, is nonlinear.
Slow inward current
In addition to the fast TTX-sensitive (presumably Na+) current, the L14 cells also possess a slower inward current, which is blocked by low concentrations of Co2+ (10) . The slow inward current is presumably mediated by Ca2+ ions. The techniques utilized to isolate this current are illustrated in Fig. 13 . Initially a clamp pulse is delivered with the fast inward current blocked by TTX, the fast outward blocked by 4-AP, and the delayed outward blocked by TEA. In the example of Fig. 13 the cell is clamped from a holding level of -78 mV to a depolarized level of +2 mV. Co2+ is added, the clamp procedure is repeated (Fig. 13B) , and the two responses are subtracted (Fig. 13C ). There is a rapid activation phase followed by a slower exponential inactivation phase. At the depolarized level of Fig. 13C the inactivation is incomplete. Figure 14A illustrates a series of such currents obtained when the cell is clamped from resting level of -78 mV to various depolarized levels ranging from -18 to + 12 mV. The extrapolated peak currents versus the clamp level are plotted in Fig. 14B . The data are best fit by the equation:
The estimated reversal potential is +52 mV. There was considerable variability in this estimate (see DISCUSSION) . In two other experiments the estimated reversal potentials were +90 and + 120 mV. The time to peak of the slow inward current shows a slight voltage dependency ranging from 30 ms at -18 mV to 22 ms at +22 mV.
The slow inward current is also dependent on the holding potential. Figure 15A illustrates the results of an experiment where a cell is clamped from holding levels of -74 to -4 mV to a fixed test level of +6 mV. The ratio of the peak current when the cell is clamped from various holding levels to the maximum current obtained with a hyperpolarized holding level is plotted in Fig. 15B . The data are best fit by the equation: The half-inactivation point occurs at about -20 mV.
Synaptic input
In addition to the fast outward current, the features of the synaptic input to the L14 cells also appear to play a critical role in mediating inking behavior. During a severalsecond train of synaptic input, the EPSPs appear to build up and may thus contribute to the accelerating burst activity of action potentials in the ink gland motor neurons.
each of four different levels and 4.5-s trains The synaptic input appears to be due to the of electrical stimuli were delivered to the combined action of increased and decreased connectives to mimic the synaptic input conductance PSPs (8, 10, 13, 33) .
produced by a noxious stimulus to the head To analyze the synaptic conductance of an intact animal (33) . A typical experimechanisms further, cells were clamped at ment is illustrated in Fig. 16 13 . Slow inward current isolation. A: response to 800-ms step depolarization from resting level (-78 mV) to +2 mV with ganglion perfused in ASW, TTX, TEA (40 mM), and 4-AP (5 mM). B: clamp is repeated after adding approximately 30 mM Co*+, which blocked the slow inward current. C: isolated slow inward current. Response in B is subtracted from response in A to yield a slow inward current uncontaminated by leakage currents. The slow inward current has a rapid activation phase followed by a slower exponential inactivation phase. TIME (MSECI set to zero. With the start of the train the synaptic conductance increases, but this is followed by gradual decline over a severalsecond period. The equilibrium potential remains fairly constant for about the first 2-2.5 s, but at about 2-2.5 s a gradual rise in the estimated equilibrium potential occurs.
DISCUSSION
The purpose of these experiments is to extend to a more quantitative level previous work on the ionic conductance mechanisms of the L14 ink gland motor neurons (10, 12) . In addition, the experiments provide a data base for a quantitative model developed in the following paper (9) . As discussed below, the voltage-and time-dependent properties of the identified ionic conductance mechanisms of the ink gland motor cells appear qualitatively similar to those observed in other molluscan cells. Despite this similarity, however, a number of possible sources of error are present in the analysis. These include problems with spatial uniformity of the clamped cell, possible lack of specificity of the pharmacological blocking agents, errors due to series resistance, and uncertainty in determining inward current reversal potentials. It will be shown in the following paper that, although errors exist, the analysis is sufficiently precise to lead to a quantitative model, which predicts the firing pattern of the ink motor cells to constant-current steps and trains of synaptic input.
Early inward current
As previously found (lo), the fast inward current is blocked by TTX (Fig. 2) and is presumably mediated by sodium. It thus appears similar to the early inward current in squid (21) . Its rapid-activation phase occurs at about -25 mV, which is similar but occurs at a slightly more depolarized level than in squid, Dorid, or Helix (15, 21, 29) . The estimated reversal potential of +67 mV is consistent with reversal potentials measured by others (15, 21, 29) , and the Na+ equilibrium potentials between + 69 and + 74 mV for other Aplysia neurons calculated by direct means by Brown and Kunze (5) .
The steady-state inactivation characteristics (Fig. 3B ) also roughly parallel those of other gastropod neurons. The half-inactivation point occurs at -27 mV, which corresponds to a value of about -30 mV in Helix (29) and -28 mV in Dorid (15) . The kinetics of the fast inward current are highly voltage dependent and similar to the time course of the Dorid cells, but considerably slower than the similar current in squid.
Early transient outward current
The fast transient outward current appears similar to the fast transient outward current previously described in gastropod neurons (10, 16, 20, 26, 29, 35) . Like the Helix and Dorid currents, it is activated with depolarizations less than necessary to activate the early inward and delayed outward currents. The half-inactivation voltage for the early outward current is -54 mV, which compares to about -68 mV for Dorid (16) , -65 mV (29) and -80 mV (26) for Helix, and -70 mV for Tritonia (35) . Thus the early outward current in the L14 cells requires higher levels of depolarization for complete inactivation than the corresponding currents in Helix, Dorid, and Tritonia. A corollary to this finding is that at the resting potential (-75 mV) the inactivation is removed. Thus the normally high resting potentials of the motor neurons and the characteristics of the steadystate inactivation ensures that at rest the inactivation of the early transient outward current is low. As a result, a depolarizing stimulus from the resting level can activate this current maximally.
The relationship between this feature of the fast K+ current and the integrative action of the ink motor cells will be discussed in the second paper of this series (9) .
The estimated equilibrium potential of -65 mV of the early outward current is similar to a value of -65 mV for Helix (29) , -63 for Dorid (16) , and -60 mV for Tritonia (35) . The deviation of the estimated equilibrium potential of the early outward current from that of the 'delayed outward current FIG. 17 . Synaptic conductance and equilibrium potential. Sampled data of Fig. 16 provide 500 measurements of the synaptic current at each of four membrane potentials during the train of synaptic input. A linear regression is performed at each of these 500 points and an ongoing estimate of the synaptic conductance and equilibrium potential is obtained. Data are the averages of three experiments in three cells.
(-75 mV) and the directly estimated K+ equilibrium potential for other Aplysia neurons of -75 to -80 mV (5) may be partly due to the low temperature at which the reversal potential experiment was performed in the present study (31) . Some of the deviation may also be due to an imperfect selectivity of the channels mediating the fast transient current. In addition, the tail currents examined to estimate the reversal potential may be contaminated with a tail reversing at the membrane potential of the poorly clamped axon. The nonlinear instantaneous Z-V plot is similar to that found by Neher (29) for the fast outward current in Helix.
Delayed outward current
The delayed outward current is similar to other delayed outward currents found in gastropod neurons. It begins to be activated at about -30 mV, it is selectively blocked by low concentrations of TEA, and has voltage-dependent time to peak activation. With small depolarizations from the resting potential the early outward current predominates, but with large depolarizations the delayed outward current is predominant. The delayed outward current also inactivates like the Dorid, Helix, and squid delayed outward currents (15, 18, 26) . The recovery from inactivation is slow compared to what might be expected from a system obeying Hodgkin and Huxley (24) kinetics. Similar slow recovery from inactivation has also been described for Helix neurons (26) . It has been suggested that such a slow recovery from inactivation may be due to a depression or desensitization of a calcium-activated potassium conductance (17) . This possibility seems unlikely for the case of the ink motor cells since the experiments were performed in low Ca2+, Na+ solutions, and currents were isolated by low concentrations of TEA.
Slow inward current
Slow inward currents of the type analyzed here have been previously described in a number of excitable membranes. (For review see Ref. 30.) In the ink motor cells the Ca2+ current begins to be significantly activated at about -30 mV. This compares to approximately -15 mV for Ca2+ current in the Aplysia R2 cell (19) , -10 mV in the Aplysia R15 cell (36) , -30 to -20 mV in Dorid (1) neurons, and between -50 and -20 mV in Helix (2, 25, 34) . The ink motor cell Ca2+ current also exhibits a potential-dependent inactivation. The half-inactivation point occurs at about -20 mV. This compares with approximately -30 mV for a +6-mV test pulse (2) and -24 mV for a + lo-mV test pulse (34) in Helix. A systematic investigation was not made of the effects of different values of test pulse on the ink motor cell Ca2+ steadystate inactivation (see Ref. 2) . Most of the experiments indicated that the Ca2+ current did not completely inactivate (e.g., Figs. 14 and 15). Although a more detailed analysis is necessary, this appears similar to an incomplete inactivation of the slow inward current in Dorid neurons (14) .
The calculated mean Ca2+ equilibrium potential of +87 mV is at best a rough estimate of the actual value due to the use of the estimation technique and the fact that in each case only several points on the ascending limb of the Z-V curve were available. In addition, incomplete block of any of the other voltage-dependent currents would tend to reduce the estimated equilibrium potential. Despite the limitations of the techniques, the reversal potential estimates reported here are within the range of those reported by Ahmed and Connor (1) in Dorid, and Kostyuk et al. (25) and Standen (34) in Helix. Akaike et al. (2) report values near about +88 mV for some Helix cells, but the majority of their cells failed to show any clear reversal with test potentials up to + 175 mV.
The kinetics of the ink motor cell Ca2+ current appear similar to those of the Aplysia R15 Ca2+ current (36) , but somewhat slower than the Helix Ca2+ current (2, 25) . The time to peak of the slow inward current in the motor neurons is probably about an order of magnitude longer than that of their early inward current. The activation of the slow inward current occurs at levels more depolarized than for the early outward current, but at similar levels as the delayed outward and early inward currents.
Synaptic current
The analysis of the synaptic input to the L14 ink motor cells confirms previous reports of the complex nature of the synaptic input onto these cells (8, 10, 13) . During the initial portions of the train the synaptic conductance is high and equilibrium potential near 0 mV, which is consistent with an increased conductance mechanism with a reversal potential between the Na+ and K+ equilibrium potentials. With time there is a fall in conductance and a concomitant increase in equilibrium potential, consistent with the late appearance of a dec reased conductance synaptic mechanism. A n indiv idual neuron that mediates a slow decreased conductance EPSP onto L14 has recently been identified (8 and unpublished observations).
Firing this cell produces a slow EPSP that increases in amplitude over a several-second period, corresponding to the shift in reversal potential observed in Fig. 17 
